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Through the injection of f-aequorin (a calcium-speci®c luminescent reporter) and the use of an imaging photon detector,
we see a distinct localized elevation of intracellular calcium that accompanies the appearance of the ®rst furrow arc at the
blastodisc surface: the furrow positioning signal. As the leading edges of the arc progress outward toward the margins of
the blastodisc, they are accompanied by two subsurface slow calcium waves moving at about 0.2 mm/s: the furrow
propagation signal. As these wave fronts approach the edge of the blastodisc, another calcium signal arises in the central
region where the positioning signal originally appeared. Like the propagation signal, it extends outward to the margins of
the blastodisc, but in this case it also moves downward, accompanying the deepening process that separates the daughter
cells: the furrow deepening signal. Both of these furrow deepening progressions move at around 0.1 to 0.2 mm/s. The
deepening signal begins to diminish from the center outward, returning to precleavage resting levels on completion of
cytokinesis. The signaling sequence is repeated during the second cell division cycle. These localized transients do not
require external calcium and they can be dissipated after they have begun by introducing calcium shuttle buffers, resulting
in furrow delocalization and regression. They also occur in parthenogenetically activated eggs in which, in an attenuated
form, they accompany abortive cleavages. q 1997 Academic Press
INTRODUCTION entities, as the furrow appears almost simultaneously in
the equatorial cortex of the late anaphase cell. However, in
the ®rst few meroblastic cleavages of large teleost eggs andSeveral recent reviews on cytokinesis have considered the
in the early holoblastic cleavages of large amphibian eggs,possible roles played by intracellular calcium transients
these three cytokinetic components are separated both tem-(Conrad and Schroeder, 1990; Satterwhite and Pollard, 1992;
porally and spatially, thus providing a unique opportunityHepler, 1994; Fishkind and Wang, 1995; Silver, 1996; Rappa-
to explore both the signaling processes and the mechanismsport, 1996). In general, these reviews have focused on the
speci®c to each.cytokinetic process in small eggs (i.e., echinodermsÐwith
From imaging studies of such large eggs, direct evidencea diameter of around 60 mm), of which, although much more
is now emerging that localized calcium transients may playis known, the relationship with calcium signaling is still
speci®c roles in all three of the cytokinetic components.somewhat uncertain (Hepler, 1989; Salmon, 1989). We have,
Using the bioluminescent reporter aequorin, Fluck et al.however, focused our investigation on what we would clas-
(1991) were the ®rst to show that slow calcium waves (0.5sify as ``large'' eggs (i.e., zebra®shÐwith a diameter of ap-
mm/s) accompanied the progression of furrows across theproximately 600 mm), in which we would suggest that there
blastodisc surface in medaka (Oryzias latipes) eggs duringare at least three basic components contributing to cytoki-
the ®rst few cell divisions. They suggested that these cal-nesis: furrow positioning at the surface, furrow propagation
cium waves served to organize, assemble, and extend theacross the surface, and furrow deepening. In small eggs, the
contractile band via molecular targets such as myosin light®rst two components may be indistinguishable as separate
chain kinase. This provided clear evidence of a close correla-
tion between transient rises in intracellular calcium and
propagation of furrows across the blastodisc surface. How-1 Accompanying movies may be viewed at http://www.academic
ever, recent studies of the early cleavage cycles in zebra®shpress.com/db.
2 To whom correspondence should be addressed. (Danio rerio), using calcium-sensitive ¯uorescent reporters,
78
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8724 / 6x30$$$341 11-18-97 08:03:20 dbal
79Cytokinetic Ca2/ Transients in Danio rerio
have yielded con¯icting results. Reinhard et al. (1995) re- sistent with that described in Xenopus. What evidence is
there that calcium transients are also associated with fur-ported no Ca2/ activity during the early cleavage cycles,
whereas Chang and Meng (1995) observed that localized row deepening? Arnold (1975) reported that immediately
upon application of A23187 to the cleaving surface of a L.elevations in free calcium were associated with cytokinesis
in zebra®sh embryos. Both groups used confocal microscopy pealei egg, there was a ``sharp increase in the visibility of
furrow'' and the ``appearance of gaps between the blasto-techniques and Calcium-Green as a reporter, the only appar-
ent difference being the size of the dextran the Calcium- meres.'' This suggested that as well as having an effect on
furrow positioning and propagation, the ionophore was alsoGreen was conjugated to. Thus, one of the ®rst objectives
of this study was to address this apparent contradiction having an effect on the furrow deepening process. Indeed,
Fluck et al. (1991) also detected a second outwardly ex-using luminescent aequorin rather than a ¯uorescent cal-
cium reporter. tending localized domain of elevated calcium that followed
the furrow propagation signal in medaka. They suggestedThere is also good indirect evidence that calcium signal-
ing plays a key role in furrow positioning and propagation that this acted to induce the exocytosis that provides new
furrow membrane, since exocytosis is generally driven byduring cleavage of large eggs. Miller et al. (1993) showed
that introduction of the calcium shuttle buffer 5,5*-di- a rise in calcium (Bi et al., 1995). Thus, the ionophore-
induced stimulation of the furrow deepening process de-bromo-BAPTA (Pethig et al., 1989) into cleavage stage Xeno-
pus embryos could affect both the positioning of the furrow scribed by Arnold (1975) might have also been mediated
via stimulation of exocytosis. Furthermore, beginning a fewas well as its propagation across the egg surface. Introducing
buffers at speci®c times before the scheduled appearance of minutes after completion of the furrow propagation process
in cleavage-stage Xenopus embryos (i.e., after furrows hadthe furrow at the cell surface resulted in an ectopic position-
ing of the furrow that was related to the site of buffer injec- spread from the animal to the vegetal pole), Muto et al.
(1996) also visualized localized calcium waves spreadingtion (i.e., the furrow was displaced away from the site of
injection). If introduction of the buffer was delayed until along the deepening furrows. Taken together, these data
suggest that localized calcium transients are also associatedthe furrow had been positioned and propagation was clearly
under way, it resulted in a delocalization of the furrow and with the third component of the cytokinetic process, that
of furrow deepening.eventual furrow regression. This indicated that localized
elevations in free calcium were also important to the posi- In the present study we use the calcium-speci®c lumines-
cent reporter f-aequorin to provide further direct evidencetioning of the furrow and was also consistent with their
suggested role in the propagation processes. Other data from for the involvement of localized calcium transients in fur-
row positioning, propagation, and deepening during the ®rstcalcium shuttle buffer injections at various times during the
cell cycle of Xenopus (Snow and Nuccitelli, 1993), medaka two meroblastic cleavages of zebra®sh embryos. We show
that these transients take the form of slow calcium waves.(Fluck et al., 1994), and zebra®sh embryos (Chang and
Meng, 1995) further support the view that calcium tran- We also show that these localized transients do not require
external calcium and can be dissipated by introducing cal-sients are somehow involved in cytokinesis in these large
cells. Furthermore, from yet another large egg, that of Loligo cium shuttle buffers, resulting in furrow delocalization and
regression. Furthermore, they also occur in an attenuatedpealei, comes additional indirect evidence that localized
elevations in free calcium may have multiple effects during form in parthenogenetically activated eggs. Thus, our new
data support both the original report of slow cytokineticcytokinesis. Arnold (1975) showed that application of the
calcium ionophore A23187 to the surface of these eggs could calcium waves described in medaka embryos (Fluck et al.,
1991) and Chang and Meng's (1995) report on zebra®sh.precociously induce the appearance of furrows. Application
of the ionophore while furrow progression was under way They also further our understanding of the calcium-medi-
ated signal transduction mechanisms involved in the mero-speeded this process up and resulted in extension of the
furrows beyond their normal meroblastic boundaries. Both blastic cleavage of large teleost eggs.
these effects were also seen to occur in calcium-free me-
dium, suggesting that the ionophore was releasing calcium
from internal stores. Thus, there is accumulating evidence MATERIALS AND METHODS
that, as in the case of furrow propagation, there is also a
requirement for a localized calcium transient in the furrow Egg Collection
positioning process.
Zebra®sh (D. rerio) were maintained on a 14-h light/10-h darkIt is clear that furrow deepening in such large eggs is
cycle to stimulate spawning (Wester®eld, 1994). Fertilized eggsa complex, multistage process that separates the daughter
were collected by placing a breeding trap (consisting of a plasticblastomeres while accommodating a large increase in sur-
box with a steel mesh insert) into a ®sh tank at the start of theface area. In Xenopus embryos, for example, it is known
light period. Fish normally lay eggs in the trap within 10 min of the
that deepening involves the addition of new membrane, fed lights coming on. Eggs were retrieved by emptying traps through a
by exocytosis, as the contractile band constricts deep within ®ne mesh net, after which they were immediately transferred to a
the furrow (Singal and Saunders, 1974; Byers and Arm- 90-mm petri dish containing 30% Danieau's solution (19.3 mM
strong, 1986). Our limited knowledge of the deepening fur- NaCl, 0.23 mM KCl, 0.13 mM MgSO4r7H2O, 0.2 mM Ca(NO3)2,
1.67 mM Hepes, pH 7.2).row structure in zebra®sh embryos (Thomas, 1968) is con-
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FIG. 1. Schematic outline of our luminescent imaging system.
Unfertilized eggs were squeezed directly from female ®sh by 22 mm; No. 1) mounted, using high-vacuum silicone grease (Dow
Corning), underneath a hole cut in a 35-mm petri dish. These cham-a method modi®ed from Wester®eld (1994). Individual ®sh were
bers were designed both to hold the eggs in place during microinjec-anesthetized in Tricaine (Sigma; 1.7% in 30% Danieau's solution)
tion and to provide excellent inverted viewing optics for imaginguntil gill movement had slowed. After rinsing with ®sh water (60
purposes. Following microinjection, embryos could be manipulatedmg/liter ``Instant Ocean'' in deionized water) and blotting ``damp-
within the agarose wells to provide a particular viewing angle (i.e.,dry'' with a Kimwipe, ®sh were transferred to a 60-mm petri dish,
facial, axial, or top views). They were held in place for the durationturned ventral side up, then (using damp ®ngers) squeezed gently
of the experiment using a 2% solution of methylcellulose (Sigma)along the belly in a head-to-tail motion. In cases where unfertilized
in 30% Danieau's.eggs were discharged, they were collected using 50-mm micropi-
Microinjection pipettes were made from borosilicate glass capil-pettes (Wiretrol; Drummond Scienti®c Company) and parthenoge-
laries (1.0-mm diameter, with ®lling ®ber; World Precision Instru-netically water-activated by immersing them in 30% Danieau's
ments, Inc.), using a horizontal puller (Narishige PN-3). The tip ofsolution.
each micropipette was broken and then beveled to a 307 angle with
a microgrinder (Narishige EG-40). Sharpened tip diameters wereMicroinjection maintained between 5 and 10 mm at the widest part of the bevel.
Both sperm and parthenogenetically activated eggs were placed Eggs were injected using a pressure-injection system (Medical
Systems Corp PLI-188) in combination with a micromanipulatorin 1-mm-deep grooves made on an agarose-coated coverglass (22 1
FIG. 2. Representative (A) facial, (B) axial, and (C) top views of three f-aequorin-loaded zebra®sh embryos demonstrating the changes in
intracellular free calcium during the ®rst and second cell division cycles. The photon images (colored panels) represent 30 s of accumulated
luminescence with a 30-s gap between each image. Corresponding bright-®eld images were grabbed just after the preceding photon image.
In the case of (A and B), this was every 3 min, while in the case of (C), every 9 min. In (C), for the sake of clarity, the outline of the
blastodisc and locations of the furrows are outlined in red. Scale bar is 200 mm.
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(Zeiss MMJ) and a bottom illumination stereomicroscope (Zeiss embryo was placed in each specially prepared ``calcium-free view-
ing chamber'' to eliminate the chance of calcium being introducedStemi SV6). Injection pressure was maintained at 15 PSI (105 kPa),
while the duration of the pressure pulse was adjusted from 250 to the egg bathing medium as a result of the death of neighboring
embryos.to 400 ms (to allow for small differences in the tip size of each
micropipette); thus, a constant volume of ¯uid was delivered in
every injection. Micropipettes were calibrated by injecting solution
under Wesson vegetable oil and measuring the diameter of the Outline of Imaging System
droplets produced with an eye-piece reticule (Miller et al., 1994).
A block diagram of our imaging system is shown in Fig. 1. AAll glass and plasticware associated with the f-aequorin injec-
Zeiss Axiovert 100TV microscope is mounted on an optical benchtions were prewashed for several minutes with 50 mM EGTA. Mi-
(TMC) suspended in a vibration isolation frame covered by a darkcropipettes were front-®lled and washed with EGTA prior to ®lling
box. A hole in the optical bench allows a custom-built enclosurewith f-aequorin. Approximately 4.0 nl of recombinant f-aequorin
housing a resistive anode imaging photon detector (RA-IPD; Photek(1% in 100 mM KCl, 5 mM MOPS, and 50 mM EDTA; Shimomura
Inc.) to be attached to the bottom ``Keller'' port of the microscope.et al., 1990) was injected into the center of the yolk mass of both
The enclosure has a c-mount adapter thread with focusing and ®eld-sperm- and parthenogenetically activated eggs. The injectate was
¯atness adjustments, a dual-overlapping blade mechanical shuttercarried into the forming blastodisc by a combination of cytoplasmic
(Uniblitz VS25) to protect the RA-IPD during bright-®eld illumina-streaming and diffusion (Lee et al., 1996). Following injection, eggs
tion, and a recirculating water-cooled thermoelectric system thatwere transferred to our imaging system for data acquisition (see
chills the RA-IPD to 012 { 17C. The cooling water is recirculatedbelow). Our imaging microscope was equipped with a temperature-
with AC piston pumps through a small refrigerator bath that main-controlled stage (Zeiss TRZ 3700), which we modi®ed by installing
tains the water at 8 { 27C. The enclosure containing the RA-IPDa custom-designed Plexiglas chamber to maintain the eggs/embryos
is attached to the microscope via a c-mount to Zeiss-port adapterat 287C.
containing a 0.51 reducing lens. This adapter both reduces the sizeIn order to manipulate calcium transients during cytokinesis,
of the image projected onto the photocathode of the RA-IPD andsome eggs were also injected with appropriate concentrations of
seals off a chamber over the photocathode into which dry air withthe calcium shuttle buffer 5,5*-dibromo-BAPTA (DBB; Molecular
a 01007F dew point is ¯owed at a rate of 200 ml/min (Balston 75-Probes). In these experiments, eggs were ®rst loaded with f-aequorin
20 Instrument Air Drier). This prevents condensation from formingas described above and imaged until the ®rst cleavage furrow and/
on the cooled photocathode surface.or its associated positioning signal could be clearly seen. Eggs were
The Axiovert 100TV microscope has a (factory-installed) slidingthen quickly transferred (held in their injection/viewing chambers)
100% mirror located directly below the tube lens in line with theback to the microinjection rig and injected with approximately 2.5
objective lens. When placed in the optical path, the mirror re¯ectsnl of DBB (injectate solution consisting of 50 mM DBB, 10.5 mM
light through the trinocular headpiece to either the eyepieces or aCaCl2, 5 mM Hepes, pH 7.0), then rapidly returned to our imaging
CCD camera (JVC TK1281). When the mirror is removed from thesystem. This process took approximately 1 min. In order not to
optical path, light from the objective passes directly through thedisturb the dividing blastodisc mechanically during this second
0.51 reducing lens and (if the shutter is open) onto the photocath-injection procedure nor to induce a confusing wound-associated
ode of the RA-IPD. The mirror motion is automated by a reversiblesignal, eggs were once again injected in the center of the yolk mass,
permanent magnet DC motor attached to the mirror slider handle.well away from the blastodisc. Injectate was once again carried
Our actuator system allows the mirror to lock into place to ensureinto the blastodisc by a combination of cytoplasmic streaming and
the correct optical alignment of the image projected to the eye-diffusion. Assuming a cytoplasmic volume of 128 nl and an egg
pieces or the CCD camera.water content of 68% (C. F. Leung, S. E. Webb, and A. L. Miller,
The microscope stage and focus are automated with a custom-unpublished results), this results in a ®nal cytosolic buffer concen-
built microstepping motor system that enables remote control oftration of approximately 1.5 mM.
the sample position and microscope focus while the dark box re-
mains closed. Bright-®eld illumination of the sample is accom-
plished by mounting the standard Zeiss 100-W tungsten ®lamentCalcium-Free Experiments
bulb housing outside the dark box and coupling the light from
Stringent precautions were taken in a series of experiments to this source through a G. W. Ellis ®ber-optic light scrambler with
ensure that calcium-free conditions were created and maintained appropriate ®ttings (Technical Video, Ltd.) to the illuminator car-
external to the dividing embryos. Calcium-free solution was pre- rier of the microscope. A second computer-driven shutter is located
pared by omitting Ca(NO3)2 and using ultrapure deionized water between the lamp housing and collecting lens housing for the ®ber
to dissolve the remaining Danieau's reagents. Finally, EGTA (0.3 optic scrambler in order to prevent light (via the ®ber optic) from
mM) was added to chelate trace levels of contaminating calcium. entering the dark box during photon collection. Both bright-®eld
This solution was also used to prepare the agarose viewing wells and photon images were collected using a Zeiss FLUAR 101/0.5
utilized in these experiments. Furthermore, it was found that the NA objective.
perivitelline space of eggs bathed in calcium-free medium still con-
tained detectable amounts of calcium during the early division
cycles (detected by selectively injecting f-aequorin into the perivi- Data Acquisition
telline spaceÐdata not shown). Therefore, in order to generate
truly calcium-free conditions outside the egg plasma membrane Microscope automation and data acquisition are controlled by a
custom-built application developed in Microsoft Visual C// for aduring cytokinesis, it was necessary to dechorionate eggs for these
experiments. Eggs were thus treated with Pronase (Sigma P5147; Windows95 platform (subsequently referred to as IpdWin95). This
manages the data acquisition and records all experimental opera-at 2 mg/ml in calcium-free 30% Danieau's) for 1±2 min at room
temperature and then washed several times in calcium-free 30% tions in a central ®le that references photon image data ®les to
bright-®eld image data ®les. The photon image data for an entireDanieau's. Following treatment and washing cycles, only a single
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experiment consists of only two ®les: a list of photon coordinate cium signal arises in the central region where the position-
pairs (8-bit x, 8-bit y) and a list that pairs time tags with indices ing signal originally appeared (Figs. 2B8 and 2C6). Like the
into the photon coordinate pair list. Data from the RA-IPD is read furrow propagation signal, it progresses outward toward the
through asynchronous 16-bit DMA transfer requests initiated by a margins of the blastodisc, but in this case it also moves
sync pulse from the RA-IPD controller. DMA transfers occur in downward, accompanying the deepening process that re-
the background through a double-buffered digital I/O board (CIO-
sults in the separation of the daughter cells. We will referPDMA-16; Computer Boards Inc.) and are spooled to the disk ®le
to this transient as the ``furrow deepening signal.'' Oncethat contains only the (x,y) coordinate pairs. Time tags are gener-
again, the outward extension of this signal is best seen fromated by a periodic software interrupt (at approximately 500-ms in-
the axial and top views (Figs. 2B8±2B15 and 2C6±2C13),tervals), which stores the total number of milliseconds elapsed
since the start of the experiment. The time-tag index ®le is used to while the deepening progression is best viewed from facial
determine which photon coordinate pairs to read from the photon and axial views (Figs. 2A5±2A9 and 2B8±2B15). The deep-
coordinate pair list ®le when reconstructing a photon image for a ening signal begins to diminish ®rst at the center, i.e., its
given time interval. The CCD camera PAL video signal output is place of origin (Figs. 2B16, 2B17, 2C14, and 2C15), and last
digitized by a frame-grabber (Matrox Meteor; Matrox Image Prod- at the edges of the blastodisc, eventually falling to an almost
ucts Group) into a 768 1 576 pixel 8-bit grayscale image and stored precleavage resting level (Figs. 2A15, 2B21, and 2C18). This
as a .TIFF 6.0 format ®le.
sequence of calcium transients accompanying furrow posi-After data acquisition has been completed, our IpdWin95 soft-
tioning, propagation, and deepening is repeated during theware enables us to review the acquired photon and bright-®eld
second division cycle (Figs. 2A18±2A30, 2B22±2B39, andimage data simultaneously with any chosen integration periods
2C21±2C35).and time steps. Our software also allows us to superimpose photon
data on captured bright-®eld images, thus allowing the correlation
of photon events with morphological features. For subsequent de-
Time Correlation between the Positioning Calciumtailed quantitative data analysis, we then export a series of photon
Transient and the Appearance of the Furrowand corresponding bright-®eld images in .TIFF ®le format to Meta-
morph 2.75 (Universal Imaging) for image processing. For ®gure From a facial view (the best perspective to see the ®rst
preparation and presentation we download ®les into Corel PHOTO appearance of the furrow at the surface), one can distinguish
PAINT 7 and Corel DRAW 7 (Corel Corp.).
a clear indentation at the apex of the convex curvature of
the blastodisc that unquestionably indicates the appearance
of the furrowing arc at the surface (Fig. 2A3* ). When weRESULTS
continually imaged in bright-®eld mode and then switched
to photon collection mode immediately after we saw theSequential Calcium Transients Accompanying appearance of an indentation at the surface (a process thatCytokinesis takes 4 s), we always detected a localized elevation of free
calcium associated with the indentation. The converse wasFigure 2 shows the sequence of calcium transients that
accompany the ®rst and second cell division cycles seen also true: when we continuously imaged in photon collec-
tion mode and then switched to bright-®eld mode when wefrom a facial view (Fig. 2A), an axial view (Fig. 2B), and a
top view (Fig. 2C) of three representative zebra®sh embryos saw the beginnings of a localized calcium rise, we always
saw an indentation at the surface associated with the cal-(n  10, 15, and 8, respectively). We have imaged over 30
individual embryos that divided and gastrulated normally cium rise. We can conclude, therefore, that the calcium
transient accompanies the ®rst clear physical appearance ofand have seen the following signaling sequence in every
case. the furrow at the cell surface within a time resolution of
around 4 s.A localized subsurface elevation in free calcium (Figs.
2A2, 2B2, and 2C2) accompanies the appearance of a furrow
arc at the cell surface (Figs. 2A3* and 2B3* ). This localized
Velocities and Relative Intensities of Calciumelevation of calcium is clearly visible in all three views. We
Transientshave tentatively termed this initial calcium transient the
``furrow positioning signal.'' This signal is extended along The two calcium waves that constitute the furrow propa-
gation signal moved outward across the blastodisc at a ve-an axis that corresponds to the plane of the subsequent
cleavage. Once this signal is established, two slow subsur- locity of around 0.2 mm/s (Fig. 3A). These waves accompany
the extending furrow arcs, which likewise move at the sameface calcium waves propagate out from it. These accompany
the two leading edges of the furrow as they proceed outward velocity. The outward and the downward extensions of the
furrow deepening signal also move at around 0.1 to 0.2 mm/toward the edge of the blastodisc. These waves can be
clearly seen only in axial and top views (Figs. 2B3±2B7 and s (Figs. 3B and 3C). This similarity of velocity suggests a
common mechanism of propagation for all three processes.2C3±2C5). From a facial view (Figs. 2A3±2A5), they are
dif®cult to distinguish, as one is coming toward the viewer We estimated the peak calcium levels during these tran-
sients from measurements of relative photon intensitieswhile the other is moving away over the curvature of the
blastodisc. We will refer to these slow calcium waves as (RAs) in regions of the blastodisc that are, and are not, in-
volved in generating the transients (Fluck et al., 1991). Thisthe ``furrow propagation signal.'' As the two wave fronts
approach the margins of the blastodisc, another distinct cal- was done from a top view during the ®rst cell division cycle
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FIG. 3. Analysis of luminescence along the ®rst cleavage furrow during furrow propagation (A) and deepening (B and C). The pro®les
represent the intensity of photon signals shown in Figs. 2B and 2C and were measured using the Linescan function in the Metamorph
image analysis program, using a line length of 200 and line width of 20 arbitrary units (just wide enough to encompass the transients
under analysis). Each pro®le shows the relative intensity of photons collected for 30 s. The furrow propagation pro®les (A) were obtained
from successive photon images (Figs. 2C2±2C4), while the pro®les to demonstrate the spread of signal during furrow deepening (B) were
collected from photon images 6, 8, and 10 in Fig. 2C. The pro®les to demonstrate the spread of signal down the deepening furrow (C)
were collected from the representative axial view of ®rst cell division (Fig. 2B), speci®cally from photon images 8, 10, and 12. In (A and
B), 0 mm represents the region on the blastodisc where the ®rst positioning signal was detected and corresponds to the middle of the
initial furrow arc; in C, 0 mm represents the top of the blastodisc.
for each successive transient. We then converted RAs to used the facial and axial photon views to calculate the active
volumes generating calcium transients. In the case of esti-relative photon intensities per volume (Rvs: ratios of pho-
tons per ``active'' cell volume, i.e., the volume of the blasto- mating the photons per resting volume, we used the thick-
ness of the blastodisc at the locality we had selected as andisc generating the transient, divided by photons per ``rest-
ing'' cell volume). In combination with the top view, we inactive area. The Rvs for the positioning, propagation, and
FIG. 4. Representative patterns of luminescence and corresponding bright-®eld images, from aequorin-loaded zebra®sh eggs during the
®rst 60 min after the onset of ®rst cell division. Fertilized eggs were (A) raised under normal conditions, (B) bathed in Ca2/-free medium,
or (C) injected with 5,5*-dibromo-BAPTA 1 min after the appearance of the positioning signal during the ®rst cell division. (D) An example
of a parthenogenetically activated egg. Each photon image represents 60 s of accumulated light. 1±5 indicate images obtained at the
following time intervals: just prior to the ®rst localized rise in intracellular calcium which accompanies the ®rst appearance of the furrow
arc (1), during this rise (2), and then 15 (3), 30 (4), and 60 (5) min following this initial rise, respectively. The maximum photon index was
maintained at 20 for the N* photon images, but was increased to 130 in the N* panels to show that although the overall amount of
calcium is elevated signi®cantly, a relative localized elevation of calcium is still maintained. Scale bar is 200 mm.
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TABLE 1 ratio of calcium levels between the elevated cytokinetic
The Ratios of Light per Unit Area (RAs) between the ``Active'' domains and the rest of the noncleaving blastodisc remains
Blastodisc Areas Participating in Generating Each Calcium the same for embryos bathed in either control or Ca2/-free
Transient Divided by an Equal Area of ``Passive'' Blastodisc media (RAs taken from Figs. 4A3* and 4B3* were both ap-
Not Participating in Generating the Transient proximately 1.5). Another noticeable feature of embryos
bathed in Ca2/-free medium was a lack of cohesiveness ofVolume of signal Calcium rise [Ca2/]
the cells in the blastoderm (compare Fig. 4A5 with Fig. 4B5).RA (1105 mm3) RV (ÎRv) (nM)
Embryos bathed in Ca2/-free medium rarely develop beyond
Positioning 4.6 3.5 17.6 4.2 670 the early cleavage period.
Propagation 4.5 7.1 16.5 4.1 650
Deepening 8.1 115.4 7.5 2.7 437
Effects of Injecting BAPTA-Type Calcium Shuttle
Note. Ratios were calculated via Metamorph using top views of Buffers on Transients
the blastodisc as illustrated in Fig. 2C. RAs were then converted
Figure 4C is a representative example (n  4) illustratinginto ratios of active volumes (RVs) using the dimensions indicated
(measured from image sequences taken from facial, axial, and top the effect of the calcium shuttle buffer DBB on the propaga-
views as shown in Fig. 2). RVs were converted into ratios of calcium tion and deepening calcium signal. One minute after the
rise by taking their square root (Shimomura, 1995). An estimation appearance of the positioning signal (i.e., as indicated in Fig.
of levels of free cytosolic calcium reached during each transient 4C2), 2.5 nl of 50 mM DBB was injected into the yolk mass
was then made by assuming that the resting level of calcium in of the embryo. This was calculated to result in a ®nal cyto-
the inactive regions of the blastodisc was 160 nM (Chang and Meng,
solic concentration of around 1.5 mM. The photon image1995) and multiplying this by the square root of each RV. displayed in Fig. 4C3* clearly illustrates the delocalizing
effect of the shuttle buffer on the normally compact domain
of elevated calcium (i.e., compared to the photon image of
a corresponding control embryo shown in Fig. 4A3* ). Thedeepening transients were calculated to be 17.6, 16.5, and
corresponding bright-®eld image (Fig. 4C3) also shows that7.5, respectively (Table 1). To convert these ratios into cyto-
the furrow is beginning to lose its de®nition, and by follow-solic calcium values, we made two assumptions: ®rst, that
ing the embryo through Fig. 4C4 to Fig. 4C5, one can seefertilized zebra®sh eggs had a resting level of free calcium
that the furrow completely regresses. The correspondingof around 160 nM (Chang and Meng, 1995) and second,
photon images of Figs. 4C4* and 4C5* also indicate the lossthat the luminescence of f-aequorin varies with calcium
of any localized cytokinetic signal, resulting in a uniformconcentration in vivo as it does in vitro, i.e., to the second
resting level of cytosolic calcium throughout the blastodisc.power (Shimomura, 1995). Thus, we estimate that the free
cytosolic calcium level rises to approximately 670, 650, and
437 nM for the positioning, propagating, and deepening sig- Transients from Parthenogenetically Activated
nal, respectively (Table 1). Eggs
Figure 4D shows cytokinetic transients in a representa-
tive example (n  6) of a parthenogenetically activated egg.Transients from Embryos Bathed in Calcium-Free
Figure 4D2* indicates that the positioning signal occurs nor-Medium
mally (compared to the control in Fig. 4A2* ). The only sig-
We also imaged aequorin-loaded dechorionated embryos ni®cant difference we have noted is that the intensity of
bathed in Ca2/-free medium throughout the ®rst few cell the positioning signal (and therefore the calcium rise) is
division cycles. Figure 4A shows a control embryo for com- reduced in parthenogenetically activated eggs. The furrow
parison, while Fig. 4B illustrates a representative example propagation and deepening signals from these eggs are also
(n  6) of calcium transients in a dividing embryo bathed greatly reduced and less well de®ned, a result consistent
in Ca2/-free medium. Under such conditions, the sequence with the observation that these cell divisions are seldom
of cytoplasmic calcium transients continues normally for completed, with furrows most often regressing soon after
the ®rst few cleavages. This indicates that the calcium in- they are induced. This can be seen in both the bright-®eld
volved in these transients comes from internal stores. How- and the corresponding photon images in Figs. 4D3 to 4D5
ever, the overall resting level of free calcium throughout and 4D3* to 4D5*.
the blastoderm is generally higher in Ca2/-free medium
(Figs. 4B3*±4B5* ). Despite this, the embryo still generates
and maintains localized domains of elevated calcium asso- DISCUSSION
ciated with its early cell division cycles. In Figs. 4B3* to
4B5*, this is obscured because of saturation of the color scale Calcium Transients Associated with Furrow
(maintained as such to allow for a direct comparison with Positioning
Figs. 4A, 4C, and 4D). However, in Figs. 4B3* to 4B5*, we
have readjusted the color scale in order to show that a rela- From a facial view, one can see an indentation at the apex
of the convex curvature of the blastodisc that unquestion-tive localized elevation of calcium is still maintained. The
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ably indicates the appearance of the furrowing arc at the that the localized free calcium level within the contractile
band rose to around 5 to 8 mM (Fluck et al., 1991). From oursurface. This de®nition of the ®rst appearance of the furrow
is consistent with other reports (Roosen-Runge, 1938). This study in zebra®sh, we conclude, however, that the elevated
calcium domains are much larger (Table 1) than the dimen-®rst clear morphological appearance was consistently ac-
companied by a localized calcium transient (to within a sions reported for typical contractile bands of giant cells
(Schroeder, 1990). Our data suggest that rather than slowtime resolution of around 4 s). We have tentatively called
this the furrow positioning transient. The question arises calcium waves spreading within the extending contractile
band, the opposite is in fact the caseÐthe contractile bandas to whether this is a positioning signal in its own right
or whether it simply represents the initiation of the furrow organizes and extends within a cortical domain of elevated
calcium. This increases the potential volume of cortex re-propagation transient (discussed in the following section).
Current opinion favors the idea that some type of position- sponding to the calcium signal and from which the assem-
bling and extending band can derive the components foring signal is transmitted from the astral array to the cell
surface (Satterwhite and Pollard, 1992; Rappaport, 1996). its organization. Our data suggest that during the furrow
propagation transient, calcium levels rise about 4-fold aboveWe suggest that the localized calcium elevation we call our
positioning transient might represent the ®nal element in the general resting level of the blastodisc (160 nM), thus
reaching a level of about 650 nM (see Table 1). This com-a signal transduction pathway that conveys positional infor-
mation from the astral array to the surface. We do not, as pares well with a Calcium-Green-derived value for localized
cytokinetic calcium transients in zebra®sh of about 600 nMyet, have any data to suggest what the initial elements of
this signaling pathway might be or how they are propagated (Chang and Meng, 1995). The approximate 10-fold differ-
ence between our aequorin-based estimations of the cytoki-to the surface. These are questions we are currently ad-
dressing. The furrow positioning transient appears as an netic calcium rise compared to those reported by Fluck et
al. (1991) can thus be attributed in part to the latter's as-elongated localized domain of elevated calcium, the long
axis of which indicates what will eventually be the furrow- sumption that all the aequorin/calcium-generated light was
coming from a volume with the dimensions of the contrac-ing plane (this results from the fact that each of the two slow
calcium waves accompanying furrow progression propagate tile band.
Fluck et al. (1991) proposed that slow calcium waves dur-out from the ends of this calcium domain in a linear fash-
ion). The fact that a ``fast'' radial calcium-induced calcium ing furrow progression were propagated by a mechanism
whereby local release of calcium induces the organization,release wave (i.e., such as those that accompany egg activa-
tion; Jaffe, 1993) is not initiated by the furrow positioning assembly, and initial contraction of the actomyosin band.
This contraction in turn releases calcium ahead of the band,transient suggests that the kinetics of this calcium eleva-
tion are quite different. Although the signal transduction thus propagating its assembly and extension through the
blastodisc cortex. Our new data support and extend thispathways and mechanisms involved in generating this ®rst
calcium transient are by no means clear at this stage, data elegant hypothesis. We have summarized our current ideas
into a hypothetical furrow positioning and propagationfrom Xenopus suggests that calcium signaling may well be
involved upstream in positioning furrows at the cell surface model illustrated in Fig. 5A. In this model, we suggest that
the tension generated by the interaction of actin ®laments,(Miller et al., 1993).
myosin II, and the plasma membrane, is responsible for
deforming the blastodisc cortex, which we assume contains
Calcium Transients Associated with Furrow an extensive endoplasmic reticulum (ER) network similar
Propagation to that reported in other early embryos (Speksnijder et al.,
1993). This deformation results in a localized mechanicalThe slow calcium waves we see in zebra®sh accompa-
nying furrow progression move at about 0.2 mm/s. Thus, as release of Ca2/ via stretch-activated channels in the ER
ahead of the assembling contractile band, which conse-far as velocity is concerned, they are remarkably similar to
those reported by Fluck et al. (1991) from medaka embryos quently serves to mechanically propagate a slow calcium
wave. In turn, this feeds back to organize, assemble, and(i.e., 0.5 mm/s). We would suggest, therefore, that the zebra-
®sh furrow propagation waves are the second visualized propagate the contractile band. Our suggested mechanical
propagation mechanism accounts for both the slow velocitymembers of the new class of ``slow'' cytokinetic calcium
waves recently proposed (Fluck et al., 1991; Jaffe, 1993). and the linear nature of the calcium waves observed during
furrow propagation.In order to estimate how high the calcium rose during
the medaka furrowing wave, Fluck et al. (1991) assumed Experiments illustrated in Fig. 4 support components of
our hypothetical model. When the furrowing propagationthat the ``calcium waves form and spread within the ex-
tending contractile band.'' Therefore, they assumed that the process is imaged in dechorionated embryos bathed in cal-
cium-free medium, our results suggest that all the calciumdepth of the elevated calcium region was comparable to
that of the contractile band (i.e., only 0.1 to 0.2 mm). With involved in the furrow propagation transient comes from
internal stores (see Fig. 4B). Thus if stretch-activated cal-this assumption in mind, and using a resting value of cal-
cium in the medaka cytosol of 140 nM (Schantz, 1985) along cium release channels are involved in a mechanical propaga-
tion process, it is likely that they are located in the ERwith an in vitro plot of luminescence vs calcium for recom-
binant aequorin (Shimomura et al., 1990), they estimated rather than in the plasma membrane. Furthermore, injec-
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FIG. 5. Hypothetical model explaining the nature of the series of calcium transients that accompany furrow positioning, propagation,
and deepening. (A) Model to explain positioning and mechanical propagation of the slow calcium wave that accompanies furrow progression
(axial view). (B) Development of the model to explain the calcium transients associated with deepening (facial view).
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FIG. 5ÐContinued
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FIG. 6. DIC images indicating the ``stress lines'' (arrowheads) during the ®rst (A) and second (B) meroblastic divisions of zebra®sh. Scale
bar is 80 mm.
tion of the calcium shuttle buffer 5,5*-dibromo-BAPTA after in zebra®sh. Several recent reports suggest an important
regulatory role in cytokinesis via phosphorylation of regula-furrow propagation has begun (see Fig. 4C) dissipates the
elevated calcium domain and delocalizes the furrow, even- tory light chains of myosin II (Satterwhite et al., 1992; Ya-
makita et al., 1994).tually leading to its complete regression. This result sup-
ports the proposed requirement of a localized elevated cal-
cium domain as a key element in furrow propagation. Our
Calcium Transients Associated with Furrowhypothesis is also supported by early work by Zotin (1964),
Deepeningwho showed mechanical induction of furrowing through
the localized deformation of the surface of Acipenser guÈ l- Figure 5B extends our hypothetical model from furrow
positioning and propagation to furrow deepening. We sug-denstaÈdti and Ambystoma mexicanum eggs.
In the case of the medaka furrowing wave, it was sug- gest that both the outward and the downward extensions
of the deepening calcium transient are once again self-prop-gested that one of the molecular targets responding to the
elevated calcium might be myosin light chain kinase (Fluck agating mechanisms involving mechanically induced cal-
cium release from the ER. This is supported by the fact thatet al., 1991). We also suggest that this might be the case
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both these extensions and the furrow propagation transient brane by exocytosis is complete and that the contractile
band has reached its meroblastic limits. It is also consistentmove at approximately the same velocity (i.e., 0.1 to 0.2
mm/s; see Fig. 3). Furthermore, as furrows deepen, clearly with reports that the disassembly of contractile bands re-
quires a low, rather than a high, calcium environmentvisible stress lines appear on the blastodisc surface perpen-
dicular to the furrow plane (see Fig. 6). These have been (Cande, 1980; Yoshimoto and Hiramoto, 1985; Mabuchi et
al., 1988).incorporated into our deepening model (see Figs. 5Bii and
5Biii). The lateral extensions of these stress lines (60 mm
either side of the furrow) correlate well with the lateral
Transients from Parthogenetically Activated Eggsdimensions of the elevated domain of calcium during fur-
row deepening (compare Fig. 2A8 with Fig. 6A). Such obvi- Our data indicate that water-activated zebra®sh eggs still
ous stretch lines were not seen during furrow propagation. possess the timing mechanism, signal transduction path-
This might explain the observed differences between the ways, and structural elements to position an (abortive) fur-
widths of the propagation and deepening calcium transients row at the blastodisc surface, at both the correct location
(compare Fig. 2C6 with Fig. 2C12), as the deepening tran- and the correct time during the ®rst cell cycle (see Fig. 4D).
sient is wider due to a greater degree of surface deformation. In medaka (Webb and Fluck, 1995) and star®sh (Sluder et
As the outward progression of the deepening calcium al., 1993), it has been reported that maternally derived
transient follows the same track as the furrow propagation centrosomes can organize microtubules in parthenogeneti-
transient, we would thus suggest that its ®rst function is cally activated eggs. Our results indicate that a similar situ-
to augment the contractile band ``scaffold'' positioned dur- ation may occur in zebra®sh. Both the appearance of local-
ing the furrow propagation process, i.e., this scaffold serves ized calcium transients and the formation of abortive fur-
as an ``assembly track'' for the further alignment of actomy- rows at the surface suggest that some form of mitotic astral
osin ®laments. This proposition that the contractile band signaling array develops from a maternally derived microtu-
continues to assemble during the furrowing process is sup- bule organizing center.
ported by the observation that the birefringence of the con-
tractile band increases only after furrowing commences (Fu-
kui and Inoue, 1991).
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